Eukaryotic viruses from disparate groups, both DNA and RNA containing ones, induce in cells drastic rearrangement of the membranes leading to formation of "virus organelles" or "virus factories". It is suggested that these compartments protect virus nucleic acids from nucleases and specific cell defense mechanisms, along with creating sufficiently high concentration of interacting templates, replication proteins, and substrates. Recent excellent reviews cover the topic in full (den Boon and Ahlquist, 2010; Netherton and Wileman, 2011; Verchot, 2011) . In this work, we attempted to reconcile the ultrastructural data available for several RNA virus groups with our findings of the membrane-modifying activity of a hydrophobic segment of the 1a polyprotein of beet yellows closterovirus (BYV).
OPEN ULTRASTRUCTURES: BUNYAVIRUSES
Bunyamwera virus (BunV) is an enveloped virus with a negativesense RNA genome (∼12 kb) divided among three segments. In infected mammalian cells, BunV infection leads to formation of tubular structures (up to 50 per cell) encompassing the Golgi membranes, actin, myosin I, and viral non-structural protein NSm (Fontana et al., 2008) . The tubes are in close contact with mitochondria and rough endoplasmic reticulum (ER), possibly serving as sources of host factors (e.g., translation elongation factor eEF-2 and ribosomal proteins) aiding the virus replication. Transcription and replication of BunV occur inside the "globular domain," a U-like structure at one end of the tubes. The replicative complexes consisting of BunV nucleoproteins and RNA replicase, concentrate on the inner surface of the globular domain. BunV transcription yields mRNAs that are transferred to rough ER for translation, and replication produces the progeny nucleoproteins transported to the Golgi stacks modified by inserted BunV surface glycoproteins, for particle maturation (Fontana et al., 2008) .
The model by Fontana et al. (2008) implies dynamic changes of, and communication between, the cell membranous compartments induced by bunyavirus infection, driven mainly by actin filaments and that the viral NSm. Apparently, the primary transcription of the gene encoding NSm must occur prior to changes in Golgi. The BunV replication-associated globular domains are open structures, unlike the vesicles and spherules induced by positive-sense RNA viruses (see below). This might reflect a nuclease-protected state of the BunV genomic and antigenomic RNA templates, the absence of dsRNA (which might trigger RNA interference in cells) in negative-sense RNA viruses replication, and employment of strategies against host defense mechanisms (Léonard et al., 2006; Habjan et al., 2008) .
"CLOSED" ULTRASTRUCTURES: NIDOVIRUSES
Nidoviruses are enveloped viruses with positive-sense RNA genomes of 13-16 kb (arteriviruses) and ∼30 kb (coronaviruses). The replication-associated proteins are encoded in overlapping www.frontiersin.org 5 -open reading frames (ORFs) 1a and 1b, and translation of the genomic RNA yields polyproteins 1a and 1ab autocatalytically processed into non-structural proteins forming the replication complex (reviewed in Gorbalenya, 2008) . Using ER membranes as the main source, nidoviruses induce in cells double-membrane vesicles (DMVs, 150-300 nm in diameter), convoluted membranes (CMs), and vesicle packets (VPs) of merged DMVs. These structures accumulate dsRNA and replication-associated proteins. The coronavirus nsp3, nsp4, and nsp6 encompass transmembrane domains and are plausibly the key factors for membrane remodeling. Recent EM tomography analysis of the severe acute respiratory syndrome (SARS) virus-infected cells allowed refinement of the topology of SARS ultrastructures (Knoops et al., 2008) . DMVs and VPs apparently form a network with connections to each other and to the ER; however, no openings to the cytosol were detected (Knoops et al., 2008) . The apparently "closed" state of the DMV network poses a yet unresolved question as to how the coronavirus factory exchanges ribonucleotide triphosphates (rNTP) substrates and newly synthesized RNA with the cytosol (Knoops et al., 2008) .
Picornaviruses, small non-enveloped viruses with (+)RNA genome of ∼8 kb, induce heterogeneous (50-500 nm) DMVs of the ER, Golgi and lysosomal origin (Bienz et al., 1990; Schlegel et al., 1996) . Some commonality of the picornavirus and coronavirus ultrastructures (particularly, the absence of apparent bridges to cytosol) has been noted (den Boon and Ahlquist, 2010; Netherton and Wileman, 2011) . However, the question of whether picornaviruses indeed produce a "closed" network of DMVs awaits further study.
ULTRASTRUCTURES WITH NECKS: ALPHA-LIKE VIRUSES, NODAVIRUSES, FLAVIVIRUSES
The alpha-like superfamily unites positive-sense RNA viruses of animals (alphaviruses, rubiviruses, hepeviruses), and plants (e.g., bromoviruses, tobamoviruses, tymoviruses), whose genomes encode the conserved domains of methyltransferase (MTR), NTPase/helicase (HEL), and RNA polymerase (POL; Goldbach, 1987) . The replication system of Brome mosaic virus (BMV) has been studied in considerable detail. BMV has a tripartite genome (∼8.2 kb), with RNA-1 and RNA-2 coding, respectively, for proteins 1a (MTR-HEL) and 2a (POL). Early in infection, 1a binds to perinuclear ER membranes via an amphipathic helix located in non-conserved region between the MTR and HEL (Liu et al., 2009 ). It should be noted parenthetically that in the capping enzyme of Semliki Forest alphavirus, the equivalent membrane-binding function is governed by an unrelated amphipathic helix within the MTR (Ahola et al., 1999) . The BMV 1a protein causes membrane invaginations and engages 2a Pol and viral RNA templates (rendering them non-sensitive to nucleases) to the membrane (den Boon and Ahlquist, 2010). Each mature vesicle retains a thin neck (∼8 nm) to cytosol. The vesicle encompasses hundreds of 1a molecules forming inner layer, 10-20 2a Pol molecules, and a few molecules of genomic and antigenomic RNAs (Schwartz et al., 2002) . Other alpha-like viruses (with the exception of closteroviruses, see Section 5 of this paper) apparently induce morphologically similar ultrastructures, the line-up of 50-100 nm single-membrane vesicles, often with detectable necks to cytosol, originating from endosomes and lysosomes (alphaviruses), ER (tobamoviruses), tonoplasts (alfamoviruses), and chloroplasts (tymoviruses; reviewed in Netherton and Wileman, 2011; Verchot, 2011) .
Flock house nodavirus (FHV) has compact bipartite (+)RNA genome (∼4.5 kb). RNA-1 encodes protein A, a multifunctional RNA replicase (Venter and Schneemann, 2008) . The replicase molecules, via the N-terminal mitochondrial targeting signal and transmembrane domain, attach to the outer mitochondrial membrane and cause its invaginations, thus producing numerous 50-nm vesicles (spherules) with 10-nm necks into cytosol (Kopek et al., 2007) . The interior of the vesicles is lined by ∼100 copies of replicase (Kopek et al., 2007) . Hence, FHV and BMV, albeit distantly related evolutionarily, employ similar mechanisms of membranes modification and replication factory build-up.
Dengue flavivirus (DenV) is an enveloped virus with a monopartite (+)RNA genome (∼11 kb) encoding a single polypeptide precursor (Bartenschlager and Miller, 2008) . Nonstructural proteins NS2A, NS4A, and NS4B bear transmembrane domains and are responsible for transformation of ER membranes into a network of interconnected VPs (∼90-nm single-membrane vesicles surrounded by common membrane), CVs, and virion budding sites (Welsch et al., 2009 ). The VPs retain dsRNA and viral replication proteins. Noteworthy, the DenV-induced network has ∼8-nm neck-like openings to the cytosol (Welsch et al., 2009) . Hence, the flavivirus factory combines features of the coronavirus network and the bromovirus and nodavirus necked ultrastructures.
INTRACELLULAR TRANSPORT OF REPLICATION COMPLEXES
After entry of one or a few virus particles or viral nucleic acid molecules into the cell, these must move to the compartments where genome expression and replication proceed. The intracellular transport of viral particles and replication complexes is rather an active process than mere diffusion, as cytosol is a highly viscous matter where translocation of molecules or complexes exceeding a ∼500-kDa limit is impeded (Luby-Phelps, 2000; Greber and Way, 2006) . Microinjection of fluorescently labeled tobacco mosaic virus (TMV) RNA into tobacco trichome cells rapidly leads to formation of granules associated with the ER, that are translocated along the actin network (Christensen et al., 2009) . Using TMV particles where RNA and coat protein were labeled with different fluorescent dyes, it was found that that both signals initially co-localized on the same granules, indicating that the virus may become attached to the ER/actin prior to uncoating (Christensen et al., 2009) .
There is emerging evidence that the replication complexes and/or the associated membranous ultrastructures of (+)RNA viruses are transported along the cytoskeleton. Thus, the replication factories of turnip mosaic potyvirus (TuMV) are represented by heterogeneous vesicles of 0.6 to 4.3 μm in diameter accumulating in the perinuclear zone. Interestingly, some vesicles are highly motile with an average velocity of 0.45 μm/s. Their movement is unidirectional and occurs in "stop and go" mode (Cotton et al., 2009; Grangeon et al., 2010 Grangeon et al., , 2012 . Likewise, the distribution of tobamovirus replication-associated complexes in Frontiers in Microbiology | Virology cells is dynamic and cytoskeleton-dependent (Más and Beachy, 1999; Szecsi et al., 1999) . The tobamovirus 126-kDa (MTR-HEL) protein and the 126-kDa-induced vesicles bind to and traffic along the actin microfilaments (Liu et al., 2005) . In the hepatitis C flavivirus system, interaction of two replication proteins, NS3 (RNA HEL -serine proteinase) and NS5A (phosphoprotein), provides for binding and movement of the replication complex along microtubules and actin filaments (Lai et al., 2008) . Mouse norovirus appears to utilize microtubules during the early stages of replication to establish localization of the replicative complexes proximal to the microtubule organizing center (Hyde et al., 2012) . There is a significant overlap in the function and regulation of microtubule and actin networks in animal and plant systems (Goode et al., 2000; Barton and Overall, 2010; Sampathkumar et al., 2011) . Many proteins, including molecular motors, have been demonstrated to associate with both networks to coordinate intracellular trafficking and movement of organelles (Petrásek and Schwarzerová, 2009; Viklund et al., 2009; Mucha et al., 2011; Meiri et al., 2012) . A number of disparate viruses, including Semliki forest virus, vaccinia virus, and respiratory syncytial virus, have been shown to utilize, in a coordinated manner, both the microtubule and actin networks to facilitate replication (Newsome et al., 2004; Kallewaard et al., 2005; Spuul et al., 2011) .
Plant viruses often utilize cytoskeleton for the cell-to-cell movement (Harries et al., 2009 (Harries et al., , 2010 . The movement proteins interact with replication complexes as well as with actin microfilaments and microtubules (Grangeon et al., 2012; Solovyev et al., 2012; . Both cytoskeletal systems may act as conduits for individual viral RNAs, transported ribonucleoproteins, as well as large replication complexes to reach plasmodesmata and thus to assist intercellular trafficking (Bamunusinghe et al., 2009; Harries et al., 2010; Schoelz et al., 2011; Grangeon et al., 2012; Pena and Heinlein, 2012; Solovyev et al., 2012; Tilsner and Oparka, 2012; . These data indicate that diverse (+)RNA viruses of plants may use cytoskeleton for intracellular trafficking of replication complexes or the components thereof, to plasmodesmata.
MULTIVESICULAR COMPLEXES OF CLOSTEROVIRUSES
Members of the Closteroviridae family are related to alphalike viruses with respect to conservation of key replicationassociated protein domains (MTR-HEL-POL), but strikingly resemble nidoviruses in the genome size, layout, and expression pattern (Agranovsky, 1996; Karasev, 2000; Dolja et al., 2006) . The beet yellows closterovirus (BYV) 15.5-kb genome encodes the replication-associated proteins in 5 -proximal ORFs 1a and 1b ( Figure 1A) . Translation of these ORFs is expected to yield NH 2 -coterminal 1a and 1ab polyproteins encompassing, respectively, the arrays of papain-like cysteine proteinase (PCP)-MTR-central region(CR)-HEL and PCP-MTR-CR-HEL-POL (L-PCP, leader PCP domain; CR, non-conserved CR; Figure 1A ; Agranovsky et al., 1994) . The autocatalytic cleavage of BYV polyproteins by the PCP at Gly 588 /Gly 589 releases the 66-kDa leader protein (Zinovkin et al., 2003) which activates amplification of the BYV RNA (Peremyslov et al., 1998; Peng and Dolja, 2000) . The 1a and 1ab polyproteins are further processed by a yet unknown proteolytic activity(-ies) into at least three fragments, of which the 63-kDa MTR-containing and 100-kDa HEL-containing proteins were identified in infected plants (Erokhina et al., 2000) . The ∼70-kDa protein(s) corresponding to the 1a CR ( Figure 1A) has not been yet detected.
In plant cells, closteroviruses induce the formation of ∼100-nm DMVs and multivesicular complexes (single-membrane vesicles surrounded by a common membrane; Figure 1B ; Cronshaw et al., 1966; Esau et al., 1967; Esau and Hoefert, 1971; Lesemann, 1988) . The multivesicular complexes often neighbor with stacks of aligned filamentous BYV particles (Cronshaw et al., 1966; Esau et al., 1967) . These ultrastructures broadly resemble the DMVs and VPs produced by nidoviruses and flaviviruses (see Sections 2 and 3 in this paper), and are referred to here as DMVs and VPs for simplicity. The BYV replication-associated proteins (L-PCP, MTR, and HEL) co-localize with the DMV and VP membranes, supporting the role of these ultrastructures as replication platforms (Erokhina et al., 2001; Zinovkin et al., 2003) . The membranes in closterovirus DMVs and VPs are likely to be derived from ER (Crinivirus; Wang et al., 2010) or mitochondria (Ampelovirus; Kim et al., 1989; Faoro et al., 1992; Faoro and Carzaniga, 1995) . Whether these ultrastructures have "closed" or "necked" state, remains unknown.
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Inspection of the BYV 1a CR sequence (approximately aa 1100 to 1800; Figure 1A ) using hydropathicity plot drawing software (protScale; Kyte and Doolittle, 1982) revealed several hydrophobic stretches longer than 20 aa forming putative alpha helixes, which resembled membrane-binding domains. Two segments of the 1a CR predicted to form separate hydrophobic domains, CR-1 (aa 1114-1301), and CR-2 (aa 1301-1498; Figure 1A ), were cloned as green fluorescent protein (GFP) fusions in a binary vector. Upon transient expression in Nicotiana benthamiana leaves the fusions showed distinct distribution of the fluorescence. The GFP:CR-1 produced aggregates of heterogeneous shape and size (0.2-1 μm, average 0.5 μm) accumulated at the cell periphery (Figure 2A) , whereas the GFP:CR-2-induced uniform globules ∼1 μm in diameter mostly concentrated around the nucleus (Figures 2B,C) . Some CR-2-induced globules were apparently motile ( Figure 2B) . Further, we found that the CR-2 globules co-localized with actin filaments (Figure 2D) , suggesting that the globules might be translocated along the actin network. In cells expressing the GFP:CR-2, the ER network transformed into diffuse membrane reservoirs partially co-localized with the perinuclear groups of GFP:CR-2 globules (cf. Figures 2E,F-H) . These data corroborate the recent findings by Bryce Falk and colleagues for lettuce infectious yellows virus (genus Crinivirus of the Closteroviridae), i.e., the rearrangement of perinuclear ER in N. tabacum protoplasts inoculated with LIYV RNA1 transcripts, specifically the R1-322 transcript encoding only the 1a and 1ab replicative proteins (Wang et al., 2010) .
With due caution in interpreting the results presented in Figure 2 , it is tempting to speculate that the phenotypes induced by the BYV CR-2 segment might reflect the formation of BYV replication-associated ultrastructures. It is possible that the buildup of closterovirus replication platforms depends on the ER membranes and is accompanied by essential changes in perinuclear ER, and that the BYV 1a protein contains a membrane anchor (CR-2) in the region between MTR and HEL, as is the case with BMV 1a protein (Liu et al., 2009 ). Further study is necessary to elucidate the fine structure of the BYV CR-2-induced globules (Shemyakina et al., 2011) . (E) Expression of ER-mRFP, the protein targeted to the ER lumen by N-terminal signal peptide and C-terminal ER-retention signal (Haseloff et al., 1997) and their relationship to DMVs and VPs produced in naturally infected cells, as well as to verify the significance of the actin network in transport of the closterovirus factory components within the cell.
